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Task Description:

	We propose an applied research and development program to determine human factors guidelines for effective haptic (force reflecting) manual interfaces to multisensory virtual simulator and teleoperation displays. The two major program aspects include: 1) the design and implementation of a novel, very high performance three degree of freedom (dof) force reflecting manual interface for use with our laboratory’s virtual visual display as a research testbed; and 2) examination of human perception and manual task performance, respectively, through psychophysical discrimination and manual target acquisition experiments with the combined haptic-visual virtual environment (VE) testbed. While prior research has focused on control and system dynamics for manipulation stability in remote and virtual environments, issues specific to successful display of higher bandwidth force reflected sensory information have not received attention. In addition to teleoperation interfaces, application areas for improved force displays include design prototyping and operator training for hand tools and control panels that might be used for in-space assembly, planetary exploration, and scientific data visualization. 

	We have completed the geometric and kinematic analyses for the novel mechanical linkage that is the foundation of the innovative three degree of freedom force-reflecting haptic interface being developed for this task. The general mathematical description arising from this analysis reveals that the mechanical linkage has a pair of singularity-free hemispherical workspaces suitable for high fidelity control of forces and virtual haptic environments. 

The results of the mathematical analysis have been used to determine haptic interface linkage component sizes that provide for a numerically well-conditioned operating region that will meet the six-inch cube working volume specified in the original proposal. Note that a family of haptic interfaces of different sizes ranging from individual finger up to whole arm devices can now be designed and built based on the general linkage geometry and kinematic analysis we performed. The final linkage embodiment for the haptic interface has been selected based on this analysis and the construction of two unpowered kinematic linkage mock-ups. 

Detailed mechanical design, including actuator and sensor selection, is currently in progress. The results achieved to this point do not indicate any significant departures from the proposed research plan. The innovative three degree of freedom mechanical linkage being developed for this task was disclosed in written form to the Patent Counsel at NASA Ames. 

	This task has two major components. The first is the design and construction of an innovative force reflecting manual interface capable of very high fidelity haptic interaction and information display. The second component is human factors research in virtual environments using this new haptic interface, both alone and in conjunction with a coordinated visual display. 

The goal of the human factors work is the development of guidelines and specifications for effective computer controlled haptic information presentation, for haptic display in isolation and when combined haptic-visual display is available. Because the study of human haptic interaction and perception of the mechanical environments and especially of digitally controlled (i.e., computer-generated), mechanical (i.e., haptic) simulation is a new area of research, results of this work would benefit the development of effective haptic interface and virtual environment displays in many fields of endeavor, both on Earth and in space. 

Computer-modulated and generated haptic and visual displays for virtual environments will enhance individual and crew performance on Earth and in space, in aspects that involve simulation, including training and rapid design prototyping for manual interaction with hand tools and control panels, scientific data visualization, and on-line interaction for remote manipulation. 

Medicine, an activity in which precision manual interaction plays a very significant role, is one specific area of application for this technology. As such, haptics researchers and equipment developers have been giving much attention to the problems of surgical training, planning, and execution for nearly all parts of the human body. 

A plausible space medicine application could employ a computer-controlled haptic interface capable of generating arbitrary force or mechanical dynamics to compensate for strength and muscle changes due to prolonged exposure to microgravity, to counteract the limitations of space flight tools, gloves and suits, or, simply to emulate normal gravity forces on a hand or other body part that are otherwise significantly altered by space flight. Similarly, on Earth, this haptic interface technology can be used to compensate for abnormal limb motion and force characteristics in people impaired by neuromuscular disorders. 

	Bibliographic Citations for FY 1995:

	Patent In Process, U.S. Patent #: Case number ARC-14066-1SB, Adelstein, B.D. “Three degree-of-freedom mechanical linkage for back drivable manipulators and manual input devices.” Disclosure of Invention filed with Ames Patent Counsel, August 21, 1995.’ 

Adelstein, B.D. “Haptic virtual environment interfaces for training.” Invited lecture to NATO Research Study Group 16, Workshop on Virtual Environments: Training’s Future, HMS Nelson, Portsmouth, England, March 8, 1995. 

Adelstein, B.D. “Human and system performance in virtual environments.” Invited lecture to Radiologic Informatics Laboratory, University of California, San Francisco, CA, July 27, 1995. 

Adelstein, B.D., and Colgate, J.E. “Haptic interfaces for virtual environments and teleoperator systems: Introduction.” Proceedings of the ASME Dynamic Systems and Control Division, edited by Alberts, T.E., DSC, vol. 57, 603, 1995. 
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1996

Task Description:

	The goal of this work is to determine human factors guidelines for effective haptic (force reflecting) manual interfaces for multisensory virtual simulator and teleoperation displays. The two major aspects of this applied research and development project are: 1) the design and implementation of an innovative, high performance three degree-of-freedom (dof) force reflecting manual interface for use with our laboratory’s virtual visual display; and 2) examination of human perception and manual task performance, respectively, through psychophysical discrimination and manual target acquisition experiments with the combined haptic-visual virtual environment (VE) research testbed. Application areas for improved force displays include simulator and teleoperator interfaces for design prototyping, training, and maintenance in spacecraft assembly, telescience for planetary exploration, advanced scientific data visualization, and on-orbit physiological and psychophysical research. 

	During FY96 we completed kinematic and geometric analysis of an innovative mechanical linkage for our three degree-of-freedom (dof) force-reflecting haptic interface. The interface’s 10 link, 12 joint -parallel configuration provides a new fully-back drivable architecture for coupling 3-D spatial motion to the rotations of three fixed-base electric motor actuators. Prior solutions to the three dof spatial linkage design problem, described primarily in the robotics literature, have relied either on more cumbersome serial linkages, parallel linkages with many more components, or on transmission elements that introduce undesirable friction, backlash, and/or compliance. A U.S. patent application on this new architecture for hand controllers and robotic manipulators was filed by NASA Ames Research Center in July 1996. 

The analysis (Adelstein et al., 1996), indicating two adjacent hemispherical singularity-free volumes bounded by the maximum theoretical extension of the linkage, was followed by the detailed mechanical design, machining, and assembly of a high performance embodiment of this new architecture. As built, the device is scaled to have a 30 cm radius hemisphere of maximum extension. The interference-restricted -achievable workspace of the device within the hemisphere is comparatively very large: approximately 30 cm wide by 15 cm high by 55 cm deep. This depth corresponds to a range of human arm motion in the mid-sagittal plane that is best suited for stereo vision-i.e., from in front of the nose to full arm extension human arm. 

A further innovation of the hand controller linkage is, contrary to the conventional practice in virtual haptic interface hardware of using aluminum, that it is fabricated principally from stainless steel. The consequence is higher inertia which serves to mask undesired joint friction and motor cogging, and correspondingly higher stiffness, which also serves to preserve structural bandwidth. 

The device’s three brushless DC motors, which have skewed magnet stacks to minimize torque ripple, are expected to be capable of maintaining smooth sustained forces of between 20 and 40 N in any direction within the reachable workspace. A six axis sensor joining the endpoint of the three dof linkage to a passive (i.e., non-actuated) three dof spherical handgrip enables full force and torque measurements at the human-machine interface. Precision encoders provide a nominal position resolution of 13 microns at the handgrip necessary for smooth actuator control and for fine detail haptic simulation. 

Concurrent to the design and fabrication of the haptic interface, we continued, with shared support from Code UL Task 199061238, to develop advanced real-time software techniques and communication protocols for very low latency (22-27 msec), high update (56-60 Hz) response within the visual component of the virtual environment system hosted by our main laboratory graphics computer. Details of some of these techniques are discussed in the references cited below. These high-speed protocols, which enable the high degree of temporal fidelity requisite for perceptually stable head-tracked visual display and precise manual interaction, will also be employed to integrate the force-reflecting hand controller into the combined visual-haptic testbed. 

The results to this point indicate no significant departures from the proposed research plan. 

	This task has two major components. The first is the design and construction of an innovative force reflecting manual interface capable of very high fidelity haptic interaction and information display. The second component is human factors research in virtual environments using this new haptic interface, both alone and in conjunction with a coordinated visual display. 

The goal of the human factors work is the development of guidelines and specifications for effective computer controlled haptic information presentation, for haptic display in isolation, and when combined haptic-visual display is available. Because the study of human haptic interaction and perception of the mechanical environments and especially of digitally controlled (i.e., computer-generated), mechanical (i.e., haptic) simulation is a new area of research, results of this work would benefit the development of effective haptic interface and virtual environment displays in many fields of endeavor. 

Computer-modulated and generated haptic and visual displays for virtual environments will enhance individual and crew performance on Earth and in space, in aspects that involve simulation, including training and rapid design prototyping for manual interaction with hand tools and control panels, scientific data visualization, and on-line interaction for remote manipulation. 

Medicine, an activity in which precision manual interaction plays a very significant role, is one specific area of application for this technology. As such, haptics researchers and equipment developers have been giving much attention to the problems of surgical training, planning, and execution for nearly all parts of the human body. 

A plausible space medicine application could employ a computer-controlled haptic interface capable of generating arbitrary force or mechanical dynamics to compensate for strength and muscle changes due to prolonged exposure to microgravity, to counteract the limitations of space flight tools, gloves, and suits, or, simply to emulate normal gravity forces on a hand or other body part that are otherwise significantly altered by space flight. Similarly, on Earth, this haptic interface technology can be used to compensate for abnormal limb motion and force characteristics in people impaired by neuromuscular disorders. 

	FY96 Publications, Presentations, and Other Accomplishments:

	Adelstein, B.D., Ho, P., and Kazerooni, H. Kinematic design of a three degree of freedom parallel hand controller mechanism. Proceedings, Dynamic Systems and Control, DSC-Vol. 58, American Society of Mechanical Engineers, New York, pp. 539-546 (1996). 

Adelstein, B.D., Johnston, E.R., and Ellis, S.R. Dynamic response of electromagnetic spatial displacement trackers. Presence: Telepres. & Virtual Environ., 5(3), 302-318 (1996). 

Jacoby, R.H., Adelstein, B.D., and Ellis, S.R. Improved temporal response in virtual environments through system hardware and software reorganization. Proceedings, SPIE Conference on Stereoscopic Displays and Applications VII, Vol. 2653, Bellingham WA, pp. 271-284 (1996). 

Kazerooni, H. The human power amplifier technology at the University of California, Berkeley. Proceedings, Dynamic Systems and Control, DSC-Vol. 57, American Society of Mechanical Engineers, New York, pp. 605-613 (1996). 

Kazerooni, H. Dynamics and control of instrumented harmonic drives. ASME J. Dyn. Sys., Measur. & Control, 117(1), 15-19 (1996). 

Snyder, T.J. and Kazerooni, H. Human force augmentation. Proceedings, IEEE Conference on Robotics and Automation, Minneapolis (1996).


Year:

1997

Task Description:

	The goal of this work is to determine human factors guidelines for effective haptic (force reflecting) manual interfaces for multisensory virtual simulator and teleoperation displays. The two major aspects of this applied research and development project are: 1) the design and implementation of an innovative, high performance three degree-of-freedom (dof) force reflecting manual interface for use with our laboratory’s virtual visual display; and 2) examination of human perception and manual task performance, respectively, through psychophysical discrimination and manual target acquisition experiments with the combined haptic-visual virtual environment (VE) research testbed. Application areas for improved force displays include simulator and teleoperator interfaces for design prototyping, training, and maintenance in spacecraft assembly, telescience for planetary exploration, advanced scientific data visualization, and on-orbit physiological and psychophysical research. 

	During FY 1997, we completed fabrication and assembly of the three dof force-reflecting haptic interface design described in the previous year’s report. The final version of the prototype joystick maintains the original workspace specifications: mechanical limit-stops installed to prevent excessive motion by the linkage allow the linkage to reach a 30 cm wide by 15 cm high by 55 cm deep singularity-free work volume while avoiding internal interference between its mechanical links. Quantification of output force ranges and simulated impedances achievable with this device is underway. 

An additional features designed and installed during 1997 is a self-contained spherical handgrip which serves as a passive (i.e., non-actuated) three dof “wrist” between the operator’s hand and the miniature six axis force transducer at the distal end of the three dof actuated interface mechanical linkage. This wrist allows the handgrip to maintain a constant orientation relative to the machine’s base regardless of the actuated linkage’s configuration. Furthermore, the handgrip in combination with the wrist mechanism is mass-balanced such that it applies a fixed magnitude force (due to its weight) at the transducer regardless of handle orientation and joystick linkage configuration. 

Thus far, we have developed a series of fundamental real-time controllers such as isotropic stiffness fields and unidirectional constraints (i.e., “virtual walls”) on a Pentium-II PC that are presented by the three dof haptic interface. In general, these simple haptic wall surfaces serve as the basic elements from which virtual haptic objects are constructed (just as surfaces and polygons would in a graphics environment). 

Our initial controllers build upon PID position control of the linkage in actuator joint angle space as well as in Cartesian endpoint space. In fact, we have employed these PID routines to make the joystick hardware behave like a conventional programmable robot manipulator, capable of following a sequence of endpoint spatial trajectory commands. We have also demonstrated computer control to actively balance the haptic interface’s linkage component masses. This forward path compensator, by canceling the configuration-dependent gravity forces acting on the ten-link joystick mechanism, serves to validate the mass distribution models we derived for the device. 

The control software is written in C++ and is modular-for example, basic elements such as the PID feedback control, task scheduling and joint space to endpoint kinematic mappings (e.g., forward and inverse Jacobians) can be reused. Without yet having optimized software timing characteristics, the fundamental controllers described above have attained update rates in excess of 1-5 KHz. 

Concurrent with design and fabrication of the haptic interface, we developed, with shared support from Code UL Task 199061238, advanced real-time software techniques and protocols for spatially calibrated, very low latency (21-26 msec) and high update (58-60 Hz) response of the visual component of the VE system hosted by our main laboratory graphics computer. The high speed communication and spatial correction protocols that we have implemented for use with commercially available VE motion sensors enable the requisite dynamic accuracy for perceptually stable head-tracked visual display and will be used for integration of the force-reflecting handcontroller into the combined visual-haptic testbed. 

	This task has two major components. The first is the design and construction of an innovative force reflecting manual interface capable of very high fidelity haptic interaction and information display. The second component is human factors research in virtual environments using this new haptic interface, both alone and in conjunction with a coordinated visual display. 

The goal of the human factors work is the development of guidelines and specifications for effective computer controlled haptic information presentation, for haptic interaction in isolation and when combined haptic-visual display is available. Because the study of human haptic interaction and perception of mechanical environments and especially of digitally controlled (i.e., computer-generated), mechanical (i.e., haptic) simulation is a new area of research, results of this work would benefit the development of effective haptic interface and virtual environment displays in many fields of endeavor. 

Computer-modulated and generated haptic and visual displays for virtual environments will enhance individual and crew performance on Earth and in space, in aspects that involve simulation, including training and rapid design prototyping for manual interaction with hand tools and control panels, scientific data visualization, and on-line interaction for remote manipulation. 

Medicine, an activity in which precision manual interaction plays a very significant role, is one specific area of application for this technology. As such, haptics researchers and equipment developers have been giving much attention to the problems of training, planning, and execution for surgical procedures in nearly all parts of the human body. 

A plausible space medicine application would employ a computer-controlled haptic interface capable of generating specific forces or mechanical dynamics to compensate for strength and muscle changes caused by prolonged exposure to microgravity, to counteract the limitations of space flight tools, gloves, and suits, or, simply to emulate on a hand or other body part normal gravity forces that are otherwise significantly altered by space flight. Similarly, on Earth, this haptic interface technology can be used to compensate for abnormal limb motion and force characteristics in people impaired by neuromuscular disorders. 

	FY97 Publications, Presentations, and Other Accomplishments:

	Adelstein, B.D., Ho, P., and Kazerooni, H. “Kinematic design of a three degree of freedom parallel hand controller mechanism.” Proceedings, Dynamic Systems and Control, DSC-58, American Society of Mechanical Engineers, New York, pp. 539-546 (1996). 

Ho, P.P.-M. Kinematic analysis and prototype design of a 3-Degree-of-Freedom Hand Controller. (Thesis) Department of Mechanical Engineering, University of California, Berkeley (December, 1996). 


